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Dynamical studies of the response function in a Spin Glass
K. Jonason and P. Nordblad
Dept. of Materials Science, Uppsala University, Box 534, S-751 21 Uppsala, Sweden
Experiments on the time dependence of the response function of a Ag(11 at%Mn) spin glass at
a temperature below the zero field spin glass temperature are used to explore the non-equilibrium
nature of the spin glass phase. It is found that the response function is only governed by the thermal
history in the very neighbourhood of the actual measurement temperature. The thermal history
outside this narrow region is irrelevant to the measured response. A result that implies that the
thermal history during cooling (cooling rate, wait times etc.) is imprinted in the spin structure and
is always retained when any higher temperature is recovered. The observations are discussed in the
light of a real space droplet/domain phenomenology. The results also emphasise the importance of
using controlled cooling procedures to acquire interpretable and reproducible experimental results
on the non-equilibrium dynamics in spin glasses.
I. INTRODUCTION
The non-equilibrium nature of the spin glass phase has
been extensively investigated since it was discovered in
low frequency ac-susceptibility measurements1 and dc-
relaxation experiments in the early 1980’s2. The inter-
pretation of the experimental results and the design of
new experimental procedures emanate essentially from
two different theoretical approaches: hierarchical phase
space models3 and real space droplet/domain models4,5.
A high level of phenomenlogical and theoretical insight
into the phenomena has by now been acquired. There
remain, however, unresolved problems as to the in-
terpretation and reproducibility of non-equilibrium re-
sults. These shortcomings do in part also prevent a
useful judgement in-between the applicability of the dif-
ferent models to real 3d spin glasses. The recently re-
ported memory effect6,7, observable in low frequency
ac-susceptibility experiments, not only elucidates some
paradoxal features of the spin glass phase, but an in de-
tail study of related phenomena8 also emphasizes the im-
portance of: cooling/heating rates, wait times, thermal-
isation times etc., i.e the detailed thermal history of the
sample on the results from low frequency ac-susceptibility
and dc-magnetic relaxation experiments. These com-
plicated non-equilibrium phenomena should be consid-
ered in the perspective that an ac-experiment at only
a couple of decades higher frequency, f ≥ 100 Hz (ob-
servation time 1/ω ≤ 2 ms), in spite of a strong fre-
quency dependence, simply shows an equilibrium charac-
ter when measured in ordinary ac-susceptometers. The
non-equilibrium processes of the system are only ac-
tive on observation time scales governed by the cool-
ing/heating rate and during a halt at constant tempera-
ture these evolve with the time the sample has been kept
at constant temperature.
In this paper we report results from low field zero field
cooled (zfc) relaxation experiments, i.e. measurements of
the response function, at one specific temperature in the
spin glass phase. The parameter we vary in a controlled
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FIG. 1.
Fc- and zfc-magnetisation of Ag(11 at%Mn) plotted vs.
temperature in an applied field of 40 Oe.
way is the thermal history in the spin glass phase.
The results imply that the reponse function is governed
by: the cooling procedure in a rather narrow region just
above the measurement temperature, the wait time be-
fore the response function is measured, and the cool-
ing/heating procedure in a rather narrow region just be-
low the measurement temperature if an additional un-
dercooling has been carried out. It is also clearly shown
that the thermal history, in the spin glass phase, at tem-
peratures well enough separated from the measurement
temperature is irrelevant to the reponse function at Tm.
The results are put in relation to a phenomenological
real space fractal domain picture that is introduced and
discussed in more detail elsewhere8,9.
The investigation is also motivated by a lack of agree-
ment in the detailed behaviour of the non-equilibrium
dynamics, when measured on one and the same spin glass
material in different magnetometers.
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FIG. 2. The relaxation rate, S(t) = 1/h ∂m/∂lnt vs.
time, measured at Tm = 27 K for three different wait times,
tw, as indicated in the figure, using two different cooling rates
3K/min. and 0.5 K/min, h=1 Oe.
II. EXPERIMENTAL
The sample is a bulk piece of Ag(Mn 11at%) with
a spin glass temperature Tg ≈ 35 K made by drop-
synthesis technique. The experiments were performed in
a non-commercial SQUID magnetometer optimised for
dynamic studies in low magnetic fields10. The sample is
cooled in zero magnetic field from a temperature above
Tg, using a controlled thermal sequence, to the measure-
ment temperature, Tm= 27 K, where a weak magnetic
field (h= 1 Oe) is applied after the system been kept at
Tm a certain wait time, tw. The relaxation of the mag-
netisation is then recorded as a function of time elapsed
after the field application. In our figures of the relax-
ation data we show the relaxation rate, i.e. the logarith-
mic derivative of the response function S=1/h dm/dlogt,
which is the quantity that most clearly exposes changes
of the response function after the different thermal proce-
dures. The relaxation rate is related to the out-of-phase
component of the ac-susceptibility via S(t)≈-2/pi χ′′(ω)
at t=1/ω11, and χ′′(T ) is also the quantity that most
instructively has been used to visualise the memory phe-
nomenon in spin glasses mentioned above7,8.
To acquaint with the sample, the field cooled and zero
field cooled magnetisation is plotted vs. temperature in
Fig. 1. The curves are measured in a field of 40 Oe. The
cusp in the zfc susceptibility around 35 K closely reflects
the spin glass temperature Tg of the sample.
III. RESULTS
The classic aging experiment is performed by cooling
the sample directly to a measurement temperature below
Tg, wait a controlled amount of time and then switch the
magnetic field on or off. Not much attention has been
given to the influence of the cooling rate. In Fig. 2, the
relaxation rate, S(t), is plotted vs. logt for three dif-
ferent wait times. The results for two substantially dif-
ferent, but still in a logarithmic time perspective rather
similar, cooling rates are plotted, 3 K/min open sym-
bols and 0.5 K/min solid symbols. The wait time de-
pendence of the data displays the characteristics of the
ageing phenomenon in spin glasses (a similar ageing phe-
nomenon is also an inherent property of other disordered
and frustrated magnetic systems12). The response is vi-
sually sensitive to the cooling rate, tc, but the influence
of tc decreases as the wait time increases. For the tw=10
s curves, rapid cooling yields a maximum in S(t) at a
shorter observation time than slow cooling. The two
curves are clearly different and do not coalesce anywhere
in the measured time interval. For the longer wait times,
the position of the maxima do not differ appreciably, but
the magnitude is somewhat higher for the rapidly cooled
curves. At short observation times, for the tw=10
3 and
104 s curves, there are no or weak differences in the re-
laxation rates, but after some time they start to deviate
and there remains a cooling rate dependence all through
the long time part of our observation time window.
Concentrating on the position of the maximum in the
relaxation rate and identifying this with an effective age
of the system, taeff , this parameter is apparently gov-
erned by the cooling rate and the wait time. When the
wait time is short, taeff is governed by the cooling rate,
whereas for longer wait times, it is dominated by the wait
time, tw. The position of the maximum in the relaxation
rate is closely equal to the wait time for tw = 10
3 and 104
s while for the tw = 10 s the maximum is delayed about
a decade in time. Similar tendencies as to the evolution
of the effective age with increasing wait time have ear-
lier been reported in connection with a specific method,
‘field quenching’, to achieve a well defined initial state
for ageing experiments13.
To further investigate how the thermal sequence on ap-
proaching the measurement temperature influences the
response function, temperature shift experiments under
controlled cooling and heating rates were performed. In
the negative temperature shift experiment, the system is
kept a certain wait time at a shift temperature, Ts, above
Tm. Therafter the system is cooled to the measurement
temperature where the field is applied immediatly after
the sample has become thermally stabilised. The positive
temperature shift experiment follows a similar procedure,
but the temperature Ts is below Tm. Fig. 3 shows the re-
laxation rate when the system has been subjected to (a)
negative and (b) positive temperature shifts. The wait
time at Ts is 1000 s and Tm = 27 K. The cooling and heat-
ing rates are 0.5 K/min. Two reference curves measured
after the sample has been cooled at 0.5 K/min directly to
Tm are included in the figure. One corresponds to a wait
time tw = 1000 s and the other is measured without any
wait time prior to the field application (tw ≈ 0). From
Fig. 3(a) it is seen that for Ts > 30 K the response is
indistinguishable from what is measured if the sample
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FIG. 3. The relaxation rate, S(t) vs. time, employing a
halt lasting 1000 s in the cooling procedure at different tem-
peratures (a) Ts = 34, 32, 30, 29, 28 and 27.5 K above Tm
= 27 K and at different temperatures (b) Ts = 15, 20, 24,
25, 26 and 26.5 K below Tm = 27 K (b). In both (a) and
(b) two reference curves are included that are measured after
immediately cooling the sample to Tm at a cooling rate of 0.5
K/min. and using tw ≈ 0 and 1000 s, h= 1 Oe.
is cooled directly to Tm. The time the sample has been
kept at Ts is irrelevant for the response at Tm. When the
shift temperature Ts is lower than 30 K, the time spent at
the higher temperature starts to influence the response
at Tm. The first deviation from the reference (tw ≈ 0)
curve occurs at long observation times, the maximum in
the relaxation rate decreases in magnitude and on further
decreasing Ts it shifts towards longer times, and finally
when Ts approaches Tm, the relaxation rate approaches
the tw = 1000 s reference curve. The important implica-
tion of this behaviour is that only the thermal history in
a limited temperature region just above Tm governs the
reponse function.
The results from positive temperature shifts shown in
Fig. 3(b) give a somewhat more complicated result. A
first observation is that when the system has been cooled
to and aged at temperatures well below Tm, the mea-
sured curves are identical, but different from the tw ≈ 0
reference curve, the maximum in the relaxation rate
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FIG. 4. The relaxation rate S(t) vs. time, after cooling
the sample to a low temperature Ts = 20 and 24.5 K, halt
at this temperature for 0 s or 1000 s and then approach Tm
= 27 K at a heating rate of 0.5 K/min. where the field is
immediately applied. A reference curve tw ≈ 0 measured af-
ter cooling the sample directly to Tm without any halt is also
plotted, h = 1 Oe
occurs at a shorter time than for the reference curve.
Thus, the response function is somewhat different after
only cooling to the measurement temperature at one spe-
cific cooling rate, compared to after substantially under-
cooling the sample and re-heat it with a similar heating
rate. The curves representing Ts= 15 and 20 K are in-
distiguishable from each other, but when Ts is increased
further, the relaxation rate gets surpressed and the max-
imum shifts towards longer times to finally coalesce with
the reference tw= 1000 s curve when Ts ≈ Tm. Fig.
4 shows relaxation rate curves from experiments where
the sample is undercooled to Ts, and either kept there
1000 s (as in Fig. 3(b)) or immediately re-heated to Tm,
where the relaxation is measured using tw ≈ 0. The cool-
ing/heating rates are again 0.5 K/min. The figure shows
that the wait time at the lowest temperature does not
affect the results, identical curves are measured whether
the sample is kept at 20 K for 1000 s or 0 s. For a shift
temperature, Ts= 24.5 K, closer to Tm, a clear difference
is observed between the two curves with different wait
times. The implication from these data is again that the
thermal history far enough away from the measurement
temperature is irrelvant to the response function at Tm,
the response is in the experimental time window fully
governed by the previous cooling/heating history in the
very neighbourhood of Tm.
In Fig. 5, results for (a) negative and (b) positive tem-
perature shifts using two different cooling rates 3 K/min
and 0.5 K/min (as in Fig. 3) are displayed. The cool-
ing/heating rate from Ts to Tm = 27 K is always the
same, 0.5 K/min. For negative temperature shifts (Fig.
5 (a)) there is no influence of the different cooling rates
for Ts > 29 K. The rapid and slow cooling give the same
response at the measurement temperature. For Ts = 28
3
K influences of the different cooling rates start to become
observable at observation times, t > 103 s. At shorter ob-
servation times no sign of the different cooling rates can
be resolved. When Ts gets even closer to Tm, the influ-
ence from the differences in cooling rates appears earlier,
but still there is a region at shorter observation times
where the response is independent of the cooling rate.
For positive temperature shifts, Fig. 5 (b), the result
is different. There are clear cooling rate effects for all
different temperatures Ts. The curve representing rapid
cooling always has a larger magnitude and a sharper max-
imum that occurs at shorter observation times than the
corresponding slowly cooled curve. This result implies
that the cooling rate in the region just above Tm always
remains one of the governing parameters for the response
after undercooling the sample, i.e. a memory of this cool-
ing process becomes imprinted in the spin structure and
is conserved in spite of the re-structuring that occurs at
lower temperatures.
IV. DISCUSSION
Our current results on the non-equilibrium response
function show that the cooling rate significantly influ-
ences the measured response function, especially the re-
ponse at short wait times is dominated by the specific
cooling rate employed. Also, in experiments where the
sample has been undercooled below the measurement
temperature, the cooling rate above the measurement
temperature remains one of the governing parameters
for the non-equilibrium response. These findings have
practical importance for the design of experimental pro-
cedures and when making detailed comparisons between
results obtained in different experimental set-ups and in
different laboratories on similar spin glass materials.
We have, using different experimental procedures, elu-
cidated an apparently paradoxal property of the non-
equilibrium spin structure in spin glasses: the spin struc-
ture records the cooling history, this thermal history
(cooling/heating rate, wait times etc.) remains imprinted
in the configuration, and the fragment of the thermal
history confined in a rather narrow region close to any
higher temperature Tm within the spin glass phase, can
be recovered in a relaxation experiment at Tm. A con-
tinuous memory recording occurs on cooling, in spite of
the fact that the spin structure is subjected to substan-
tial reconfiguration at all temperatures below Tg as is
observed from the ever present ageing behaviour; and al-
though the short time response appears equilibrated at
all temperatures in the spin glass phase.
Employing the droplet scaling model4 and the con-
cepts chaos and overlaplength14, the observations of non-
equilibrium and ageing behaviour observed after cooling
the sample to a temperature in the spin glass phase can
be accounted for as an immediate consequence of the
growth of the size of correlated spin glass domains at
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FIG. 5. The relaxation rate, S(t) vs. time, cooling the
sample at two different rates, 3 K/min. and 0.5 K/min., em-
ploying a halt lasting 1000 s in the cooling procedure at differ-
ent high temperatures (a) Ts = 34, 29, 28 and 27.5 K before
approaching Tm = 27 K with a cooling rate of 0.5 K/min.,
and at different low temperatures (b) Ts = 15, 22, 24, 25 and
26 K before approaching Tm = 27 K with a heating rate of 0.5
K/min. The magnetic field h=1 Oe is applied immediately
when reaching Tm.
constant temperature. Interpretations of ageing in
these terms have been extensively discussed in numerous
articles and are recently reviewed in ref.6. A somewhat
modified version of the droplet scaling model that has
been constructed to account for the memory behaviour7
is extensively discussed in ref.8.
The continuous memory recording of the thermal his-
tory that is exemplified by the current experimental re-
sults does however require a comment on the paradoxal
possibility that reconfiguration on different length scales
are fully separable, i.e. that reconfiguration of the spin
structure on short length scales allows a simultaneous
stability of the old configuration on larger length scales.
The droplet model prescribes one unique equilibrium spin
glass state with time reversal symmetry and that do-
mains of spin glass ordered regions grow unrestrictedly
with time at constant temperature. If the temperature
is altered, the equilibrium configuration also alters due
to chaos, but there is an overlap on short length scales
4
between the equilibrium configurations, the length scale
of which rapidly decreases with increasing separation be-
tween the two temperatures. The experimental results
show that a memory of the spin structure that has devel-
oped at high temperatures remains imprinted in the non-
equilibrium structure at lower temperatures (but also
that it is rapidly erased if the temperature is increased
above the original aging temperature). Such a re-stored
spin structure requires that all reconfiguration at lower
temperatures must occur only on small lengths scales and
in dispersed regions. The bulk of the numerous droplet
excitations of different sizes that do occur may not cause
irreversible changes of the spin structure on large length
scales, but are to be excited within already equilibrated
regions of spin glass order.
How can this rather abstract picture of the dynamic
spin structure be related to our current experimental ob-
servations? The processes that cause the increase of the
magnetisation in a zfc magnetic relaxation experiment is
a polarisation of spontaneous droplet excitations. The
measured quantity, the zfc magnetisation, gives an inte-
grated value of polarisation of all droplet excitation with
relaxation time shorter than the observation time and
the measured relaxation corresponds to droplets with re-
laxation time of the order of the observation time, t. In
an ac-susceptibility experiment, the in-phase component
gives the integrated value of all droplet excitations with
relaxation time shorter than the observation time, t =
1/ω, and the out-of phase component measures the ac-
tual number of droplets of relaxation time equal to 1/ω.
The non-equilibrium characteristics imply that the distri-
bution of droplet excitations changes with the time spent
at constant temperature and that there is an excess of
droplet excitations of a size that corresponds to a relax-
ation time of the order of the wait time. On shorter time
scales an equilibrium distribution has been attained, re-
flected by the equilibrium reponse always obtained in ac-
susceptibility experiments at higher frequencies, and in
zfc measurements at long but different wait times by the
fact that a similar (equilibrium) reponse is approached
at the shortest observation times. The implication of the
cooling rate dependence is that the actual distribution
of active droplets is governed by the cooling rate and
the wait time at constant temperature, and that this
distribution in turn is governed by the underlying spin
configuration. The phenomenon that the sample retains
a distribution of droplets that is governed by the cool-
ing rate and any previous wait time at the measurement
temperature, then implies that a closely equivalent spin
configuration to the original one is also retained when
the temperature is recovered.
V. CONCLUSIONS
We have shown that non-equilibrium dynamics mea-
sured at a specific temperature in spin glasses is primar-
ily governed by the thermal history close to this tem-
perature during the cooling sequence. If the sample has
been undercooled, the response is also partly affected by
the heating rate towards the measurement temperature.
The behaviour may be incorporated in a real space pic-
ture of a random spin configuration containing fractal
spin glass domains of sizes that increase through sponta-
neous droplet excitations.
The results emphasise the importance of well con-
trolled experimental procedures when studying non-
equilibrium dynamics of spin glasses.
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